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ABSTRACT
We have newly observed the Class 0/I protostar L1527 IRS using the Atacama Large Millimeter/submillimeter
Array (ALMA) during its Cycle 1 in 220 GHz dust continuum and C18O (J = 2 − 1) line emissions with a ∼ 2
times higher angular resolution (∼ 0.′′5) and ∼ 4 times better sensitivity than our ALMA Cycle 0 observations.
Continuum emission shows elongation perpendicular to the associated outflow, with a deconvolved size of 0.′′53× 0.′′15.
C18O emission shows similar elongation, indicating that both emissions trace the disk and the flattened envelope
surrounding the protostar. The velocity gradient of the C18O emission along the elongation due to rotation of the
disk/envelope system is re-analyzed, identifying Keplerian rotation proportional to r−0.5 more clearly than the Cycle 0
observations. The Keplerian-disk radius and the dynamical stellar mass are kinematically estimated to be ∼ 74 AU and
∼ 0.45 M⊙, respectively. The continuum visibility is fitted by models without any annulus averaging, revealing that
the disk is in hydrostatic equilibrium. The best-fit model also suggests a density jump by a factor of ∼ 5 between the
disk and the envelope, suggesting that disks around protostars can be geometrically distinguishable from the envelope
from a viewpoint of density contrast. Importantly, the disk radius geometrically identified with the density jump is
consistent with the radius kinematically estimated. Possible origin of the density jump due to the mass accretion from
the envelope to the disk is discussed. C18O observations can be reproduced by the same geometrical structures derived
from the dust observations, with possible C18O freeze-out and localized C18O desorption.
Keywords: circumstellar matter — stars: individual (L1527 IRS) — stars: low-mass — stars: proto-
stars
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1. INTRODUCTION
T Tauri stars are widely known to be associated
with protoplanetary disks or T Tauri disks, which of-
ten show Keplerian rotation, as has been shown by
interferometric observations in the last two decades
(Guilloteau & Dutrey 1998; Guilloteau et al. 1999;
Simon et al. 2000; Qi et al. 2004; Hughes et al. 2009;
Rodriguez et al. 2010). Class 0/I protostars have also
been, on the other hand, considered to be associated
with protostellar disks, which are supposed to be pre-
cursors of T Tauri disks. Details of protostellar disks
around protostars, such as their structures and dynam-
ics, however, are poorly characterized because protostel-
lar disks are deeply embedded in protostellar envelopes.
The question of whether disks and envelopes in proto-
stellar systems can be distinguished from each other by
detailed observations of protostellar disks is therefore
critical.
One promising way to achieve this goal is to distin-
guish them kinematically by inspecting their rotational
motion, i.e., envelopes that often have infall motion
with conserved angular momentum are expected to
have rotation proportional to r−1, while disks are ex-
pected to have Keplerian rotation proportional to r−0.5.
Initial attempts with such an approach have been suc-
cessfully made recently, identifying a couple of disks
with Keplerian rotation around protostars (Choi et al.
2010; Takakuwa et al. 2012; Tobin et al. 2012; Yen et al.
2013; Murillo et al. 2013; Lee et al. 2014). Further at-
tempts have been made more recently with higher an-
gular resolutions (∼ 100 AU) and sensitivity, enabling
us to identify even smaller, less bright disks around
younger protostars (Takakuwa et al. 2014; Yen et al.
2014; Ohashi et al. 2014; Aso et al. 2015; Lee et al.
2016; Yen et al. 2017). Once envelopes and disks are
kinematically distinguished, disk radii can also be kine-
matically estimated. Another important aspect to iden-
tify Keplerian rotation in disks around protostars is
that it allows us to estimate dynamical masses of cen-
tral protostars directly with no assumption. Such direct
estimation of the dynamical mass enables us to exam-
ine whether or not infall motions around protostars
are free fall, as has been assumed so far. L1527 IRS
(Ohashi et al. 2014), L1551 IRS 5 (Chou et al. 2014),
and TMC-1A (Aso et al. 2015) have infall motions
that appear significantly slower than free fall veloci-
ties yielded by their dynamical masses, while L1489 IRS
shows inflow at free fall velocity toward its Keplerian
disk (Yen et al. 2014).
These previous studies indicate that protostellar disks
around protostars are kinematically similar to T Tauri
disks in the sense that both disks show Keplerian ro-
tation. It is not, however, clear whether protostel-
lar disks are structurally similar to T Tauri disks as
well. Physical structures of T Tauri disks, such as ra-
dial dependences of surface density and temperature
have been well investigated, suggesting that their ra-
dial power-law profiles of surface density and temper-
ature are well described as Σ ∝ r−p with p ∼ 1 re-
gardless of exponential tails and T ∝ r−q with q ∼ 0.5,
respectively. Their scale height described as H ∝ rh
was also investigated, and was found to be in hydro-
static equilibrium (HSEQ) with a power-law index of
h = 1.25. On the other hand, similar studies to in-
vestigate physical structures of protostellar disks have
not been performed yet except for very limited cases
with radial and vertical structures for the Butterfly Star
(Wolf et al. 2008), L1527 IRS (Tobin et al. 2013), TMC-
1A (Aso et al. 2015), four protostars in the NGC 1333
star forming region, and VLA 1623 (Persson et al. 2016)
and without vertical structures for TMC-1A, TMC1,
TMR1, L1536 (Harsono et al. 2014), and seven pro-
tostars in Perseus molecular cloud (Segura-Cox et al.
2016). Understanding physical structures of protostel-
lar disks would be important to see whether disks and
their surrounding envelopes can be geometrically distin-
guished from each other. If this is the case, we can have
two independent ways (kinematically and geometrically)
to identify disks around protostars. In addition, investi-
gating physical structures of protostellar disks can help
us to understand the disk formation process and also the
process of evolution into T Tauri disks. In particular
recent observations of T Tauri disks have revealed irreg-
ular structures such as spirals, gaps, and central holes,
which might be related to planet formation. Tantalizing
ring structures are discovered even in the disk around
the class I/II young star HL Tau. It would be very im-
portant to understand when and how such structures are
formed in these disks, and to answer this question, it is
required to investigate structures of protostellar disks,
which would be precursors of disks with irregular struc-
tures.
L1527 IRS (IRAS 04365+2557) is one of the youngest
protostars, whose disk has been studied. L1527 IRS, lo-
cated in one of the closest star-forming regions, the Tau-
rus Molecular Cloud (d = 140 pc), has bolometric lumi-
nosity Lbol = 2.0 L⊙ and bolometric temperature Tbol =
44 K (Kristensen et al. 2012), indicating that L1527 IRS
is a relatively young protostar. The systemic velocity of
L1527 IRS in the local standard of rest (LSR) frame
was estimated to be VLSR ∼ 5.7 km s−1 from C18O
J = 1− 0 observations with Nobeyama 45 m single-dish
telescope (Ohashi et al. 1997), while N2H
+ J = 1 − 0
observations with Five College Radio Astronomy Obser-
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vatory (FCRAO) 14 m and Institut de Radioastronomie
Millimetrique (IRAM) 30 m single-dish telescopes, esti-
mated it to be VLSR ∼ 5.9 km s−1 (Caselli et al. 2002;
Tobin et al. 2011). We adopt VLSR = 5.8 km s
−1 for the
systemic velocity of L1527 IRS in this paper, which is
reasonable as will be shown later.
On a ∼ 30000 AU scale, a bipolar outflow associated
with this source was detected in the east-west direction
by FCRAO single-dish observations in 12CO J = 1 − 0
molecular line emission (Narayanan et al. 2012) and by
James Clerk Maxwell Telescope (JCMT) single-dish ob-
servations in 12CO J = 3 − 2 molecular line emission
(Hogerheijde et al. 1997). Their results show that the
blue and red robes of the outflows are on the eastern
and western sides, respectively. On the other hand, in-
ner parts (∼ 8000 AU scale) of the outflow mapped with
Nobeyama Millimeter Array (NMA) in 12CO J = 1− 0
show the opposite distribution, i.e., stronger blueshifted
emission on the western side and stronger redshifted
emission on the eastern side (Tamura et al. 1996). Mid-
infrared observations toward L1527 IRS with Spitzer
Space Telescope shows bright bipolar scattered light
nebulae along the outflow axis in the ∼ 20000 AU scale
(Tobin et al. 2008). They fitted a protostellar envelope
model to near- and mid-infrared scattered light images
and spectral energy distribution (SED). As a result the
inclination angle of the envelope around L1527 IRS was
estimated to be i = 85◦, where i = 90◦ means the edge-
on configuration. In addition Oya et al. (2015) found
that the western side is closer to observers. This in-
clination angle is consistent with a disk-like structure
of dust highly elongated along the north-south direc-
tion, which was spatially resolved for the first time in
7-mm continuum emission by the Very Large Array
(VLA) (Loinard et al. 2002). By expanding the studies
by Tobin et al. (2008), Tobin et al. (2013) fitted a model
composed of an envelope and a disk to (sub)millimeter
continuum emissions and visibilities observed with SMA
and CARMA as well as infrared images and SED. Their
best-fitting model suggests a highly flared disk structure
(H ∝ R1.3, H = 48 AU at R = 100 AU) with a radius
of 125 AU. This study has geometrically distinguished
the protostellar disk and envelope around L1527 IRS, al-
though they were not kinematically distinguished from
one another.
The first interferometric observations of the envelope
surrounding L1527 IRS in molecular line emission were
reported by Ohashi et al. (1997), identifying an edge-on
flattened envelope elongated perpendicularly to the as-
sociated outflow, in their C18O J = 1− 0 map obtained
with NMA at an angular resolution of ∼ 6′′. It was
found that kinematics of the envelope can be explained
with dynamical infall motion (∼ 0.3 km s−1) and slower
rotation (∼ 0.05 km s−1) at 2000 AU. Its mass infalling
rate was also estimated to be M˙ ∼ 1 × 10−6 M⊙ yr−1.
Higher-resolution (∼ 1′′) observations using Combined
Array for Research in Millimeter Astronomy (CARMA)
in 13CO J = 2 − 1 line were carried out toward this
source by Tobin et al. (2012). They measured emis-
sion offsets from the central protostar at each channel
and fitted the position-velocity data with a kinemati-
cal model using the LIne Modeling Engine (LIME) by
assuming Keplerian rotation. According to their best-
fit result, the mass of L1527 IRS was estimated to be
M∗ = 0.19± 0.04 M⊙ and the disk radius was also esti-
mated to be 150 AU. It should be noted, however, that
no other kinds of rotation, such as the one conserving
its angular momentum, were compared with the obser-
vations in the work. They attempted later to compare
their rotation curve with rotation laws conserving an-
gular momentum, which did not change their original
conclusion (Tobin 2013).
In order to investigate the rotational velocity around
L1527 IRS without assuming Keplerian rotation, a ra-
dial profile of the rotational velocity Vrot was measured
by Yen et al. (2013) from their SMA observations in
C18O J = 2 − 1 line with the angular resolution of
4.′′2 × 2.′′5. In their analysis, the rotation profiles are
derived from Position-Velocity (PV) diagrams cutting
along a line perpendicularly to the outflow axis. The
rotation profile of L1527 IRS was measured at r & 140
AU to be Vrot ∝ r−1.0±0.2, which is clearly different
from Keplerian rotation Vrot ∝ r−1/2. Further inves-
tigation of the rotation profile around L1527 IRS was
performed with much higher sensitivity as well as higher
angular resolution provided by Atacama Large Millime-
ter/submillimeter Array (ALMA) (Ohashi et al. 2014).
The rotation profile obtained in C18O J = 2 − 1 at a
resolution of ∼ 0.′′9 mostly shows velocity inversely pro-
portional to the radius being consistent with the results
obtained by Yen et al. (2013), while it also suggests a
possibility that the profile at . 54 AU can be inter-
preted as Keplerian rotation with a central stellar mass
of ∼ 0.3 M⊙. In addition, infall velocity in the envelope
is found to be slower than the free fall velocity yielded by
the expected central stellar mass (Ohashi et al. 2014).
In this paper we report new ALMA Cycle 1 observa-
tions of L1527 IRS in C18O (J = 2 − 1) and 220 GHz
continuum, with a ∼ 2 times higher angular resolution
and a ∼ 4 times higher sensitivity as compared with our
previous ALMA cycle 0 observations, which allow us
to give a much better constraint on the rotation profile
of the disks and the envelope, and also their geomet-
rical structures. Our observations and data reduction
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are described in Section 2. In Section 3, we present
the continuum and molecular-line results. In Section 4,
we analyze rotation velocity measured by the C18O line
and perform χ2 fitting to explain the continuum visi-
bility using a model. In Section 5, we investigate the
validity and consistency of the model that reproduces
the observations the best. We present a summary of the
results and our interpretation in Section 6.
2. ALMA OBSERVATIONS AND DATA
REDUCTION
We observed our target, L1527 IRS, during Cycle 1 us-
ing ALMA on 2014 July 20. The observations were com-
posed of two tracks in the same day with a separation of
∼ 40 minutes. Each track was ∼ 30 minutes including
overhead. J0510+1800 was observed as the passband,
gain, and flux calibrator for the former track and J0423-
013 was observed as the flux calibrator for the latter
track. Thirty-four antennas were used in the first track,
while one antenna was flagged in the latter track. The
antenna configuration covers projected baseline length
from 17 to 648 m (13-474 kλ in uv-distance at the fre-
quency of C18O J = 2− 1). This minimum baseline re-
solves out more than 50% of the flux when a structure is
extended more than 7.′′1 (Wilner & Welch 1994), corre-
sponding to ∼ 990 AU at a distance of L1527 IRS. The
coordinates of the map center during the observations
were α(J2000) = 04h39m53.s90, δ(J2000) = 26◦03′10.′′00.
C18O J = 2 − 1 line and 220 GHz continuum emission
in Band 6 were observed for 6.9+6.7=14 minutes (on
source). To achieve high velocity resolution for molecu-
lar line observations, we configured the correlator in Fre-
quency Division Mode for two spectral windows. Each
spectral window has 3840 channels covering 234 MHz
bandwidth. Emission-free channels in the lower side
band are used to make the continuum map centered at
220 GHz. The total bandwidth of the continuum map
is ∼ 234 MHz.
We performed self-calibration for the continuum ob-
servations using tasks (clean, gaincal, and applycal)
in Common Astronomy Software Applications (CASA),
and the obtained calibration table for the continuum ob-
servations was applied to the C18O observations. The
self-calibration has improved the rms noise level of the
continuum map by a factor of 2-3, while the noise level
of the C18O map has been improved by less than a few
percent. The noise level of the C18O map was measured
in emission-free channels.
All the mapping process was carried out with CASA.
Because the original map center during the observations
was not coincident with the continuum peak position es-
timated from 2D Gaussian fitting in the uv-domain by
Table 1. Summary of the ALMA observational parameters
Date 2014.Jul.20
Target L1527 IRS
Coordinate center R.A. (J2000)=4h39m53s.9
Dec. (J2000)=26◦03′10.′′0
Projected baseline length 17.4 - 647.6 m
Primary beam 28.′′6
Passband calibrator J0510+1800
Flux calibrator J0423−013, J0510+1800
Gain calibrator J0510+1800
(1) (2) (3)
Continuum C18O J = 2− 1
Frequency 219.564200 219.560358
Synthesized beam (P.A.) 0.′′47× 0.′′37 (−0.4◦) 0.′′50× 0.′′40 (3.1◦)
Velocity resolution 234 MHz 0.17 km s−1
1σ 0.2 mJy beam−1 2.6 mJy beam−1
0.′′54, the phase center of the observed visibilities was
shifted from the original phase center with fixvis in
CASA, making the map center of the resultant maps
in this paper the same as the continuum peak position.
The visibilities were Fourier transformed and CLEANed.
In this process we adopted superuniform weighting with
npixel = 2 and binned two frequency channels; the re-
sultant frequency resolution in this paper is 122 kHz,
corresponding to 0.17 km s−1 in the velocity resolution
at the frequency of C18O J = 2− 1. We set a 12′′× 12′′
area centered on the map center as a CLEAN box with
a threshold of 3σ. The synthesized beam sizes of the
CLEANed maps are 0.′′50× 0.′′40 for the C18O line, and
0.′′47 × 0.′′37 for the continuum emission. The parame-
ters of our observations mentioned above and others are
summarized in Table 1.
3. RESULTS
3.1. 220 GHz Continuum
Figure 1 shows the 220 GHz continuum emission in
L1527 IRS observed with ALMA. Strong compact con-
tinuum emission is detected. The emission is clearly
elongated in the north-south direction and shows weak
extensions to the northwest and the southeast. The 6σ
contour in Figure 1 shows a full width of ∼ 2′′ = 280
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AU along the north-south direction. Its deconvolved
size derived from a 2D Gaussian fitting is 531± 2 mas×
150 ± 2 mas, P.A. = 1.5◦ ± 0.2◦. This major-axis di-
rection is almost perpendicular to the direction of the
associated outflow, indicating that the continuum emis-
sion traces a dust disk and/or a flattened dust enve-
lope around L1527 IRS. Compared with the synthesized
beam size (0.′′47× 0.′′37, P.A. = −0.4◦), the major axis
of the emission is longer than the beam size and thus
spatially resolved, which is consistent with the previ-
ous observations at a higher angular resolution (∼ 0.′′35;
Segura-Cox et al. 2015)(∼ 0.′′3; Tobin et al. 2013). The
aspect ratio, 0.28, is a half of (i.e. thinner than) the
ratio reported by Ohashi et al. (2014) with lower angu-
lar resolutions than this work. The peak position is also
measured from the Gaussian fitting to be α(2000) =
04h39m53.s88, δ(2000) = +26◦03′09.′′55, which is con-
sistent with previous measurements (Yen et al. 2013;
Ohashi et al. 2014). We define this peak position and
the major-axis direction as the central protostellar po-
sition of L1527 IRS and the orientation angle of its dust
disk/envelope respectively in this paper. The peak in-
tensity and the total flux density of the emission derived
from the Gaussian fitting are 101.4 ± 0.2 mJy beam−1
and 164.6 ± 0.5 mJy, respectively, while the total flux
density is 176 mJy when measured in the whole re-
gion of Figure 1. By assuming that the dust contin-
uum emission is optically thin and dust temperature is
isothermal, total mass can be calculated with the to-
tal flux density (Andrews & Williams 2005). The total
fluxes derived above correspond to a mass of Mgas ∼
0.013 M⊙ by assuming a dust opacity of κ(220 GHz) =
0.031 cm2 g−1 (Tobin et al. 2013), a dust temperature
of 30 K (Tobin et al. 2013), and a standard gas to dust
mass ratio, g/d, of 100.
3.2. C18O J=2-1
The C18O J = 2 − 1 emission was detected above
3σ level at the relative velocity range from −3.3 to
3.2 km s−1 in the LSR frame with respect to the sys-
temic velocity VLSR = 5.8 km s
−1. Figure 2 shows the
total integrated intensity (moment 0) map in white con-
tours and the intensity-weighted-mean velocity (moment
1) map in color; both are derived from the above ve-
locity range with 3σ cutoff. The moment 0 map over-
all shows an elongated structure perpendicular to the
outflow axis, centered at the protostellar position. In
more detail, lower contours (∼ 3-6σ) show extensions to
north-northeast, north-northwest, south-southeast, and
south-southwest. The moment 0 map also shows two
local peaks on the northern and southern sides of the
central protostar with a separation of ∼ 1′′. This dou-
140 AU
Figure 1. Continuum emission map of L1527 IRS. Con-
tour levels are −3, 3, 6, 12, 24, . . .× σ, where 1σ corresponds
to 0.2 mJy beam−1. A blue-filled ellipse at the bottom
right corner denotes the ALMA synthesized beam; 0.′′47 ×
0.′′37, P.A. = −0.4◦. The elongation direction (1.5◦) is
shown with a white dashed line. Blue and red arrows
show the direction of the molecular outflow (east-west) from
single-dish observations toward L1527 IRS in 12CO J = 1−0
(Narayanan et al. 2012).
ble peak is due to a “continuum subtraction artifact”;
the continuum emission was subtracted even at channels
where the C18O emission has low contrast with respect
to the continuum emission and is resolved out by the
interferometer. Subtraction of the continuum thus re-
sults in negative intensity at the protostellar position.
Regardless of the double peak, the map was fitted with
single 2D Gaussian to measure the overall structure of
the C18O emission; a deconvolved size of the C18O emis-
sion is estimated to be 2.′′17± 0.′′04× 0.′′88± 0.′′02, with
P.A. = −1.8◦ ± 0.7◦. Peak integrated intensity and to-
tal flux measured in the whole region of Figure 2 are
0.20 Jy beam−1 km s−1 and 2.2 Jy km s−1. The mo-
ment 1 map shows a velocity gradient in the north-
south direction, which is perpendicular to the outflow
axis. The morphology of C18O emission indicates that it
traces a flattened gas envelope and/or a gas disk around
L1527 IRS and thus the velocity gradient seen in the
C18O emission is mainly due to their rotation, as already
suggested by Ohashi et al. (2014) and Yen et al. (2013).
Because the C18O emission shows a more complicated
structure than the continuum emission, we assume the
orientation angle of the gas disk/envelope to be the same
as that of the dust disk/envelope in this paper.
Figure 3 shows channel maps of the C18O emission,
which enable us to investigate velocity structures in
more detail. In higher blue- and redshifted veloci-
ties (|V | & 1.6 km s−1), emissions show overall circu-
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280 AU
Figure 2. Integrated intensity map (moment 0; white con-
tours) and mean velocity map (moment 1; color) of the C18O
J = 2 − 1 emission in L1527 IRS, where the velocity is
relative LSR velocity with respect to the systemic velocity
VLSR = 5.8 km s
−1. Contour levels of the integrated inten-
sity map are from 5σ to 30σ in steps of 5σ and then in steps
of 10σ, where 1σ corresponds to 2.3 mJy beam−1 km s−1.
A central black plus sign shows the position of the central
protostar (continuum emission peak). A blue-filled ellipse
at the bottom right corner denotes the ALMA synthesized
beam; 0.′′50 × 0.′′40, P.A. = 3.1◦. Blue/red arrows and a
white dashed line show the direction of the molecular out-
flow and the major-axis direction of the continuum emission,
respectively, as shown in Figure 1.
lar shapes and their sizes at 3σ level are smaller than
∼ 1.′′5. The emission peaks are located on the south-
ern side in the blueshifted range while on the northern
side in the redshifted range, making a velocity gradi-
ent from the south to the north as seen in Figure 2.
In a middle velocity range (0.4 . |V | . 1.5 km s−1),
more complicated structures can be seen. For example,
at −1.15, −0.98, 0.85, 1.02 km s−1, the emissions ap-
pear to composed of a strong compact (∼ 1′′) structure
close to the protostar and a more extended (> 2′′) struc-
ture, resulting in a plateau structure. The extended
emissions are located mainly on the southern side in
the blueshifted range while mainly on the northern side
in the redshifted range. Furthermore some blueshifted
channels (−0.65 and −0.48 km s−1) show an extension
from the protostar to the northwest. In the other lower
velocities, emissions are strongly resolved out and neg-
ative emission can be seen from 0.02 to 0.35 km s−1.
This redshifted negative emission is due to a continuum
subtraction artifact with an extended infalling envelope
around L1527 IRS as Ohashi et al. (2014) confirmed us-
ing a infalling envelope+Keplerian disk model with ra-
diative transfer calculation. The higher angular reso-
lution than Ohashi et al. (2014) can make the negative
emission deeper and result in a double peak in Figure 2
that did not appear in Ohashi et al. (2014). Other re-
cent observations reported that spatial thickness of the
envelope decreases outward from a radius of ∼ 150 AU
by a factor of two in CCH (N = 4 − 3, J = 9/2 − 5/2,
F = 5−4 and 4−3) line emission (Sakai et al. 2017). No
such structure, however, can be confirmed in our results
in C18O emission, which is considered to be a better
tracer of the overall column density and H2 gas distri-
bution. The CCH emission has a higher critical density
than the C18O emission by three orders of magnitude
and thus traces only dense regions in the envelope.
In the moment 1 map and channel maps, L1527 IRS
shows a velocity gradient from the south to the north.
The PV diagrams along the major and minor axes are
considered to represent a velocity gradient due to ro-
tation and radial motion, respectively, toward disk-like
structures as discussed in previous work. Figure 4a and
b show PV diagrams of the C18O emission cutting along
the major and minor axes, respectively. The overall
velocity gradient from the south to the north can be
confirmed in the PV diagram along the major axis. In
more detail, the so-called “spin up” rotation can also
be seen in |V | & 1.5 km s−1, that is, an emission peak
at a velocity channel is closer to the central position
at higher velocity. We will analyze the dependence of
rotational velocity on radial distance from the central
position in Section 4.1. In 0.6 . |V | . 1.4 km s−1,
a strong compact emission and a more extended emis-
sion appear to be superposed, which corresponds to the
plateau structures seen in the channel maps (Figure 3).
In the PV diagram along the minor axis, there are four
strong peaks in the western redshifted and blueshifted
components, and the eastern blueshifted and redshifted
ones in |V | . 1.5 km s−1 while the emission is mainly
concentrated on the central position in the higher veloc-
ity range. The western blueshifted component extends
to higher velocities than the eastern blueshifted one, and
also the eastern redshifted component extends to higher
velocities than the western redshifted one. These ex-
tensions can be interpreted as a small velocity gradient
from the west to the east, which was detected in obser-
vations in CS J = 5− 4 line emission and considered to
be due to infalling motion in the protostellar envelope
by Oya et al. (2015).
4. ANALYSIS
4.1. Rotation Profile
In the previous section we identified rotation in the
C18O gaseous component tracing either a flattened en-
velope, disk, or both. In this section the radial profile
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280 AU
Figure 3. Channel maps of the C18O J = 2 − 1 emission in L1527 IRS. Contour levels are from 3σ to 15σ in steps of 3σ
and then in 5σ, where 1σ corresponds to 2.6 mJy beam−1. A central red plus sign in each panel shows the position of the
central protostar (continuum emission peak). A blue-filled ellipse in the top left panel denotes the ALMA synthesized beam;
0.′′50× 0.′′40, P.A. = 3.1◦. Relative LSR velocity with respect to the systemic velocity VLSR = 5.8 km s
−1 is shown at the top
left corner of each panel.
of the rotation will be investigated with the PV dia-
gram along the major axis (Figure 4) so as to charac-
terize the nature of the observed rotation. The method
used in this section to obtain the radial profile of ro-
tational velocity is based on the analyses presented by
Yen et al. (2013) and also explained by Aso et al. (2015)
in detail. The representative position at each veloc-
ity channel of the PV diagram along the major axis is
measured as the intensity-weighted 1D mean position,
xm(v) =
∫
xI(x, v)dx/
∫
I(x, v)dx. Pixels having inten-
sity more than 5σ are used to calculate the sum. The
error bar of each representative position is also derived
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North
South P.A.=1.5 deg
(a)
P.A.=‒88.5 deg
West
East
(b)
Figure 4. Position Velocity diagrams of the C18O J = 2− 1 emission in L1527 IRS along (a) the major axis and (b) the minor
axis of the continuum emission (the major axis corresponds to the white dashed line in Figure 1, P.A. = 1.5◦). The width of
cut is one pixel, 0.′′02. These PV diagrams have the same angular and velocity resolutions as those of the channel maps shown
in Figure 3. Contour levels are 5σ spacing from 3σ, where 1σ corresponds to 2.6 mJy beam−1. Central vertical dashed lines
show the systemic velocity and central horizontal dashed lines show the protostellar position. Blue and red points with error
bars in panel (a) are mean positions derived along the position (vertical) direction at each velocity.
by considering propagation of errors. The derived rep-
resentative positions are overlaid with error bars on the
PV diagram along the major axis (Figure 4) and also
plotted in a logR − logV plane (Figure 5). The ab-
scissa of Figure 5 is calculated from the offset position
in the PV diagram by assuming that the distance of
L1527 IRS is 140 pc. Figure 5 shows a clear negative
correlation that the rotational velocity is higher at the
position closer to the central protostar, i.e., differential
rotation. Furthermore the logR− logV diagram in Fig-
ure 5 exhibits two different linear regimes with a break
radius of ∼ 60 AU. The data points in the logR− logV
plane are, therefore, fitted by a double power-law func-
tion with four free parameters: inner and outer power-
law indices pin and pout, respectively, and a break point
(Rb, Vb) (see Equation (1) in Aso et al. 2015). The best-
fit parameter set is (Rb, Vb, pin, pout) = (56±2 AU, 2.31±
0.07 km s−1, 0.50±0.05, 1.22±0.04), giving a reasonable
reduced χ2 of 1.6. For comparison, χ2 fitting with a sin-
gle power function is also performed, where Vb is fixed
at 2.31 km s−1. The best-fit parameter set for this case
is (Rb, p) = (49.5± 0.3 AU, 0.88± 0.01), giving reduced
χ2 = 4.0. These reduced χ2 suggest that the radial pro-
file of rotational velocity is characterized by the double
power function better than any single power function.
In addition, to examine whether the LSR velocity of
L1527 IRS we adopt, 5.8 km s−1, is reasonable, we also
carried out fitting including the systemic velocity as an-
other free parameter, which was fixed to be 5.8 km s−1
above, confirming that the adopted systemic velocity is
the most reasonable to fit the logR− logV diagram.
The best-fit inner power-law index is almost equal to
Keplerian rotation law (p = 1/2), suggesting that the
inner/higher-velocity component of the C18O emission
traces a Keplerian disk. In fact, the Keplerian rota-
tion was marginally detected in Ohashi et al. (2014).
On the other hand, the best-fit outer power-law index
is roughly equal to that of rotation conserving its an-
gular momentum (p = 1), which is steeper than the
Keplerian rotation law, and thus suggests that the ro-
tation in the envelope around the disk cannot support
material against the gravity yielded by the central pro-
tostar. This is consistent with the fact that the envelope
is in infalling motion, as was reported by Ohashi et al.
(2014). The best-fit result is quite consistent with that
obtained in our previous Cycle 0 observations of L1527
IRS (Ohashi et al. 2014), while the higher angular res-
olution and sensitivity of the Cycle 1 observations has
enabled us to sample twice as many data points within
the break radius in the logR − logV diagram as the
previous work, making the break in the rotation profile
more definite with more precise measurements of the ra-
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Figure 5. Mean positions of the PV diagram along the
major axis plotted on a logR− log V plane. The ordinate is
not deprojected. Blue and red points show blueshifted and
redshifted mean positions in Figure 4a, respectively. Dashed
lines show the best-fit lines with a double power law.
dius of the break and the inner power-law index. The
radius of the identified Keplerian disk can be estimated
from the best-fit break radius. Note that low angular
resolutions along the minor axis of disks cause emission
within the radius to be measured at a given velocity
channel and the emission moves the representative posi-
tion inward at the channel, as pointed out by Aso et al.
(2015). This underestimation strongly affects in the case
of edge-on configurations, such as L1527 IRS, because
such configurations make the angular resolution even
lower along the minor axis. We thus take into account
the underestimation. In their notation, the correction
factor is a constant, 0.760, when Keplerian disk radius
Ro is smaller than . 480 AU with the inclination angle
i = 85◦ and the angular resolution θ ∼ 0.′′5 = 70 AU.
With this correction factor taken into account, the Kep-
lerian disk radius is estimated to be ∼ 74 AU. From the
best-fit break velocity together with this disk radius, the
central protostellar massM∗ of L1527 IRS and a specific
angular momentum j at the outermost radius of the Ke-
plerian disk can also be estimated to be M∗ ∼ 0.45 M⊙
and j ∼ 8.3 × 10−4 km s−1 pc, respectively, where the
inclination angle is assumed to be i = 85◦ (Tobin et al.
2013; Oya et al. 2015).
4.2. Structures of the Keplerian Disk
As shown in the previous section, a Keplerian disk
has been kinematically identified by the C18O re-
sults. This disk around the protostar L1527 IRS seems
to be kinematically quite similar to those around T
Tauri stars (Guilloteau & Dutrey 1998; Simon et al.
2000; Rodriguez et al. 2010). A tantalizing question
is whether this disk is also geometrically similar to
those around T Tauri stars. Because this disk is almost
edge-on, it is also possible to investigate the vertical
structures of the disk. In this subsection geometrical
structures of the Keplerian disk are investigated.
4.2.1. Continuum Visibility distribution
To investigate the disk structures, we have performed
direct model fitting to the observed continuum visibility
data, which is free from any non-linear effects associated
with interferometric imaging. Figure 6 shows distribu-
tions of the continuum visibilities in three panels, where
red and blue points denote the same groups; the red
points are located near the major axis (±15◦ on the uv-
plane) while the blue points are located near the minor
axis. Note that all the visibilities of each baseline in
each track for ∼ 30 minutes are averaged in these plots.
That is why any trajectory due to Earth’s rotation is not
drawn on the uv-plane (Figure 6a). It should be stressed
that although all the visibilities of each baseline are av-
eraged, no further azimuthal average has been done in
our analysis as is obvious in Figure 6a. This is because
information on structures that are not spherically sym-
metric such as disks is missed with azimuthally averaged
visibilities unless the disks are face-on, as explained be-
low in more detail.
Figure 6b exhibits a trend that the visibility am-
plitudes are higher at shorter uv-distances. The to-
tal flux density 176 mJy measured in the image space
(Figure 1) appears consistent with an amplitude at
zero uv-distance, which can be derived from visual ex-
trapolation of the amplitude distribution. Figure 6b
also exhibits the data points appearing to scatter more
widely at longer uv-distances. This is clearly not due
to the error of each data point, which is ∼ 2 mJy
but due to the structures of the continuum emission.
In more detail, blue and red points have the high-
est and lowest amplitudes at each uv-distance, respec-
tively. Because visibility is derived by Fourier trans-
forming an image, these distributions of the blue and
red points indicate that structures of the continuum
emission are largest along the major axis and small-
est along the minor axis in the image domain, which
is consistent with the image of the continuum emis-
sion shown in Figure 1. Similarly the scattering of the
green points between the blue and red points is due
to structures along directions at different azimuthal an-
gles. In addition, the data points near the major axis
(red points) are also compared with two simple func-
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tions in Figure 6b: Gaussian and power-law profiles.
Best-fit profiles are 0.16 Jy exp(−4 ln 2(β/234 m)2)
and 0.13 Jy (β/100 m)−0.48, respectively, where β de-
notes the uv-distance. The power-law profile cannot ex-
plain the observations at all. Although the Gaussian
profile matches the observations better, this profile is
not necessarily realistic for circumstellar disk structures
(Harsono et al. 2014, and references therein) and also
the comparison shows systematic deviation; the points
are higher than the Gaussian profiles in < 100 m and
> 300 m while they are lower in ∼ 200 m. Figure 6c ex-
hibits that most phases of the visibility are smaller than
. 5◦, which corresponds to . 0.′′04 where uv-distance
is larger than 100 m. This indicates that emission is
centered at the protostellar position at most spatial fre-
quencies. Red points and blue points appear to be well
mixed in Figure 6c, which means that the distribution
of phases in the azimuthal direction is roughly uniform.
As Figure 6b clearly demonstrates, the analysis of
visibility without azimuthal average in a uv-plane is
quite powerful for investigating spatially resolved not-
spherically symmetric structures such as disks except
for face-on cases. No such analysis with sufficient signal-
to-noise ratio has been done in previous studies. Note
that a few studies attempted to use 2D distributions in
model fitting (Persson et al. 2016). Those studies, how-
ever, showed only azimuthally averaged visibilities de-
projected by considering inclination angles, but lacked
the signal-to-noise ratio to perform comparable explo-
ration to the 2D visibilities, making it impossible to
evaluate how good their fittings were in 2D uv-space.
Exceedingly high sensitivity as well as high angular res-
olution of ALMA allows us to perform such data analy-
ses.
4.2.2. Model fitting
Our analysis of the disk structures is performed by
χ2 fitting of models to the continuum visibilities shown
in Figure 6b. It should be noted that the full size of
the continuum emission at 6σ level in Figure 1, ∼ 280
AU (see Section 3.1) 1 is twice the disk size expected
from the radius kinematically estimated in Section 4.1.
This suggests that the continuum emission arises not
only from the disk but also from the envelope. Hence
our models should include envelope structures as well
as disk structures. Because the envelope around L1527
IRS shows a flattened morphology, the model we use
in this section is based on a standard disk model (e.g.,
1 The 6σ size is referred here to see the extension of the whole
continuum emission, which is much larger than the FWHM de-
rived from Gaussian fitting.
Dutrey et al. 1994) but modified to express a flattened
dust envelope as well as a dust disk, as described below.
We used the code described in Ohashi et al. (2014). The
model includes 12 parameters summarized in Table 2.
The radial dependence of temperature T (R) and scale
height H(R) are described as T (R) = T1(R/1 AU)
−q
and H(R) = H1(R/1 AU)
h, respectively. This means
that the scale height in our model is not assumed to be
in HSEQ. To express dust disk and dust envelope struc-
tures, the radial dependence of surface density Σ(R) is
described by a combination of inner and outer profiles
formulated as
Σ(R) =
(2− p)Mdisk
2pi
(
R2−pout −R2−pin
)R−p ×


1 (R ≤ Rout)
Sdamp (R > Rout)
,(1)
where Mdisk is a disk mass (mass within Rout) deter-
mined from g/d= 100 and Sdamp is a damping factor
of the surface density for the outer dust envelope. The
model has no envelope when Sdamp is zero, while the
model has no density jump when Sdamp is unity. Rout
is the outer radius of the disk defined as the bound-
ary between the disk and the envelope. In our model,
mass density distribution ρ(R, z) is determined from
the scale height H(R) and the surface density Σ(R) as
Σ/(
√
2piH) exp(−z2/2H2) within the outermost radius
of 1000 AU. Our model adopts the same power-law in-
dex of density for both disk and envelope, which is con-
sistent with theoretical simulations by Machida et al.
(2010). Some of the parameters, including the power-
law index of the temperature distribution, are fixed as
shown in Table 2. Radio observations are considered
to be not sensitive to temperature distribution because
most observed continuum emissions are optically thin,
which makes it hard to constrain temperature distri-
bution by mm-continuum observations. Therefore, we
fixed the temperature distribution in our model, refer-
ring a total luminosity derived in infrared wavelengths
(Tobin et al. 2008, 2013), which are more sensitive to
temperature than radio observations. In addition, be-
cause our angular resolution is not high enough to re-
solve vertical structures of the disk, the radial temper-
ature profile we adopted is vertically isothermal. We
confirmed that our profile provides representative tem-
perature of the 2D temperature distribution derived
by Tobin et al. (2013) using a self-consistent radiative
transfer model (Whitney et al. 2003) at each radius on
10-100 AU scales. The inclination angle of the dust
disk/envelope is fixed at i = 85◦ and the eastern
side is on the near side for the observers (Oya et al.
2015). The other six quantities are free parameters
(Mdisk, Rout, p, Sdamp, H1, h). When radiative transfer
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Figure 6. Continuum visibility averaged over scans. The two observational tracks are not averaged together. 1 m corresponds
to 0.73 kλ at the observed frequency. (a) Data points on the uv-plane. Both of each conjugate pair are plotted. (b) Distribution
of the visibility amplitude. An error bar of the amplitude for each point is ∼ 2 mJy. (c) Distribution of the visibility phase.
Only one of each conjugate pair with a positive phase is plotted. Red and blue circles denote data points near the major- and
minor-axis directions, respectively; in other words, Arctan(U/V ) = 1.5◦± 15◦, −88.5◦± 15◦, respectively. Green crosses denote
the other data points. Solid and dashed curves are the best-fit Gaussian and power-law profiles, respectively, to the data points
near the major axis (red points).
were solved in 3D space to produce a model image, the
following condition and quantities were assumed: local
thermodynamic equilibrium (LTE), g/d= 100, and a
dust opacity of 0.031 cm2 g−1 calculated from a opac-
ity coefficient of κ(850 µm) = 0.035 cm2 g−1 and an
opacity index of β = 0.25 (Tobin et al. 2013).
After a model image was calculated from the radia-
tive transfer, model visibility was obtained by synthetic
observations through the CASA tasks simobserve and
listvis. In the synthetic observations, the phase center
was set at the center of the model image and the orien-
tation (P.A.) was assumed to be the same as that of the
observed continuum emission. Following the two obser-
vational tracks, we performed the synthetic observations
without artificial noise with the same antenna configu-
rations as the observations. Then model visibilities were
derived at the same points on the uv-plane as the ob-
servations. Using the model visibility and the observed
continuum visibility, reduced χ2 was calculated to eval-
uate the validity of each model. Without azimuthally
averaging visibilities, all 1089 data points were used to
calculate the reduced χ2 defined as
χ2ν =
1
σ2(2Ndata −Npar − 1)
∑
i
[(
ReV obsi − ReV modi
)2
+
(
ImV obsi − ImV modi
)2]
, (2)
where σ, V obsi , V
mod
i , Ndata, and Npar are the standard
deviation of noise in the observed visibility amplitude,
the observed visibility, model visibility, the number of
data points, and the number of free parameters, respec-
tively; Ndata = 1089 and Npar = 6 as mentioned above.
Ndata is multiplied by two because each visibility in-
cludes two independent values, real and imaginary parts.
Using the distribution of reduced χ2 in the parameter
space, the uncertainty of each parameter is defined as
the range of the parameter where the reduced χ2 is be-
low the minimum plus one (= 6.6) when all parameters
are varied simultaneously. We also used the Markov
Chain Monte Carlo method to find the minimum χ2 ef-
ficiently.
Figure 7a represents a comparison of the observed con-
tinuum visibility with our best-fit model showing that
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Figure 7. The observed continuum visibility (black circles and crosses) and (a) the best-fit model, (b) the model with Sdamp = 0,
and (c) the model with Sdamp = 1, denoted with red circles and crosses. For the models in panel (b) and (c), parameters except
for Sdamp are fixed at those of the best-fit model. The observations are the same plot as Figure 6(b) except for the color, and
thus the circles denote the data points near the major- and minor-axis directions while crosses denote the other data points for
both the observations and models.
the best-fit model overall reproduces the observations.
The reduced χ2 of the best-fit model is 5.6, which cor-
responds to a residual of ∼ 2.4σ on average in the uv-
space. It is also confirmed that the best-fit model can
reproduce the observations in an image space, as shown
in Figure 8. Note that the model image in Figure 8a was
not made through the synthetic observation using CASA
but was simply made based on the best-fit parameters in
Table 2 with convolution using the synthesized beam of
our observations. This is because the synthetic observa-
tions using CASA produce a beam that is slightly differ-
ent from the actual observations. Synthetic observation
is not very crucial for this comparison, but convolution
with the beam exactly same as the synthesized beam
used in the actual observations is more crucial because
the model image is relatively compact as compared to
the synthesized beam. The residual shown in Figure 8b
was obtained by subtracting the best-fit model, in the
image space, from the observations, indicating that al-
most no significant residual can be seen in the image
space. This comparison demonstrates that when the
residual in the uv-space is small, the image-space resid-
ual derived from the analysis above is also small.
The parameters of the best-fit model are summarized
in Table 2. The damping factor Sdamp = 0.19
+0.03
−0.09,
which is not zero but significantly smaller than unity,
suggests that the observed continuum emission arises
from both a dust disk and a dust envelope with a sig-
nificant jump of the column density between them. A
much larger or smaller value than 0.19 cannot explain
the observed visibilities as shown in Figure 7b and 7c.
The former and the latter show models with Sdamp = 0
Black: Observations, Red: Best-fit
(a) (b)
Figure 8. (a) The observed continuum image (black con-
tours) and the best-fit model (red contours). (b) The residual
obtained by subtracting the best-fit model from the observa-
tions. Contour levels are −3, 3, 6, 12, 24, . . .× σ for panel (a)
and −3, 3, 6, 9, . . . × σ for panel (b), where 1σ corresponds
to 0.2 mJy beam−1. A blue-filled ellipse at the bottom right
corner in panel (a) denotes the ALMA synthesized beam;
0.′′47 × 0.′′37, P.A. = −0.4◦. The spatial scale is different
from Figure 1.
and 1, respectively, where the other parameters are the
same as those of the best-fit model. In Figure 7b and
7c visibility amplitude of models at longer uv-distance
(& 300 m) appears to be similar to the observations in
both cases, whereas visibility amplitude of the models
with Sdamp = 0 and 1 are lower and higher than the ob-
servations, respectively, at shorter uv-distance (. 300
m). One might wonder whether a jump of dust opacity,
as well as surface density, could also explain the obser-
vations. It is observationally confirmed, however, that
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the opacity index β does not change on scales of 100
to 1000 AU, based on observed dependence of spectral
index on uv-distance (Tobin et al. 2013), and possible
uncertainty of ∆β, ∼ 0.2, adds only ∼ 8% to the relative
uncertainty of Sdamp. Further discussion on the signifi-
cant jump of the surface density between the dust disk
and envelope will be presented in Section 5. The best-
fit value of Rout = 84
+16
−24 AU is close to the Keplerian
disk radius kinematically derived from the C18O results;
the discrepancy between the two values are within their
errors. This result suggests that the dust disk identified
geometrically as density contrast by this model fitting
is consistent with the kinematically identified gaseous
Keplerian disk. The power-law index of the surface den-
sity, p = 1.7+0.1−0.3, is a bit steeper than the typical value
for T Tauri disks, ∼ 1.0 (Andrews & Williams 2007;
Hughes et al. 2008; Andrews et al. 2010) while a simi-
larly steep p has been found toward a few other proto-
stars as well (e.g., Yen et al. 2014; Aso et al. 2015). The
power-law index of the scale height, h = 1.2+0.1−0.1, corre-
sponds to that for HSEQ (h = 1.25) within the error
range, where the temperature distribution is assumed
to be vertically isothermal. To examine whether the
best-fit model is indeed in HSEQ, the scale height of the
disk at a certain radius can be compared directly with
that in HSEQ. The scale height of the best-fit model
at R = Rout is calculated to be ∼ 20 AU while the
scale height of a disk in HSEQ is estimated to be ∼ 15
AU at the same radius when the central stellar mass is
M∗ = 0.45 M⊙ as kinematically estimated from the ro-
tation profile (see Section 4.1), the temperature is 44 K
as estimated from the temperature profile we used in the
model, and a mean molecular weight is 2.37 mH. This
comparison suggests that the disk around L1527 IRS is
most probably in HSEQ. Note that the scale height in
HSEQ also depends on vertical temperature distribu-
tion; it can be higher if temperature is higher in upper
layers of disks. Tobin et al. (2013) suggested a highly
flared disk around L1527 IRS, which has a scale height
of 38 AU at Rout. We consider that their estimated
scale height is higher than ours because their observa-
tions included infrared wavelength, which may be traced
by scattered light making the disk geometrically thick
in appearance, or because smaller grains traced by in-
frared wavelength are in upper layers than larger grains
traced by mm wavelength. In addition, the scale height
and the index derived by our best-fit model are rela-
tively large and steep, respectively, when compared with
protoplanetary disks in Ophiuchus star forming region
(Andrews et al. 2010).
The best-fit model provides us a comparison between
the disk around L1527 IRS and T Tauri disks from a
geometrical point of view. The disk around L1527 IRS
has a mass and a radius similar to those of T Tauri
disks. On the other hand, the power-law index of the
disk surface density, the scale height, and the power-law
index of the scale height are possibly steeper, larger, and
steeper, respectively, than those of T Tauri disks.
5. DISCUSSION
5.1. Possible Origin of the Surface Density Jump
A jump of the surface density between the envelope
and the Keplerian disk around L1527 IRS has been
found by our model fitting to the continuum visibil-
ity. In fact, such a density jump can be qualitatively
confirmed in numerical simulations of disk evolution
(Machida et al. 2010) and a similar density jump by a
factor of ∼ 8 is suggested to reproduce continuum emis-
sion arising from the disk around HH 212 (Lee et al.
2014). Furthermore it is important to note that the
disk radius of L1527 IRS geometrically estimated with
the density jump is fairly consistent with the radius kine-
matically estimated, suggesting that disks and envelopes
around protostars may be not only kinematically but
also geometrically distinguishable from the viewpoint of
density contrast. The results also suggest that the den-
sity jump may be physically related to kinematical tran-
sition from infalling motions to Keplerian rotation. In
this section, the possible origin of the surface density
jump is quantitatively discussed.
Surface density of the disk at the boundary ∼ 84
AU can be calculated from our best-fit model to be
Σdisk = 0.42 g cm
−2 with Equation 1 and the best-fit
parameters shown in Table 2. This surface density is
within the typical range derived for Class II YSO disks
in Taurus (Andrews & Williams 2007) and Ophiuchus
(Andrews et al. 2009, 2010). On the other hand, vol-
ume density of the envelope at the boundary can be
calculated from the best-fit model to be ρenv = 1.0 ×
10−16 g cm−3, which corresponds to the number density
of nenv = 2.5 × 107 cm−3. For embedded young stars
in the Taurus-Auriga molecular cloud, a typical density
distribution of protostellar envelopes can be described as
∼ (0.3−10)×10−13 g cm−3 (R/1 AU)−3/2 (Kenyon et al.
1993), which provides (0.4− 13)× 10−16 g cm−3, corre-
sponding to (0.1 − 3.5) × 107 cm−3, at the boundary,
Rout. This indicates that the envelope density in the
best-fit model is also reasonable when compared with
other observations. The envelope density is also consis-
tent with that in Tobin et al. (2013) at their boundary
radius 125 AU.
Because the disk around L1527 IRS is considered to
still grow with mass accretion from the envelope, as
discussed in Ohashi et al. (2014), a possible origin of
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Table 2. Fixed and Free Parameters of the Model Fitting
Fixed i Rin T1 q κ(220 GHz) g/d
85◦ 0.1 AU 403.5 K 0.5 0.031 cm2 g−1 100
Free Mdisk Rout p Sdamp H1 h
Best 1.3+0.3−0.4 × 10
−2 M⊙ 84
+16
−24 AU 1.7
+0.1
−0.3 0.19
+0.03
−0.09 0.11
+0.02
−0.03 AU 1.2
+0.1
−0.1
the density jump may be mass accretion from the en-
velope to the disk. First, density in the Keplerian disk
is higher than that in the infalling envelope when radial
motion in the disk is not as fast as that in the envelope,
which is reasonable because gravity and centrifugal force
are balanced in the disk while they are not balanced in
the envelope. This difference of mass infall rates makes
mass build up in the disk, resulting in disk growth. Sec-
ondly, to explain the factor Sdamp = 0.19 quantitatively,
we consider isothermal shock due to the mass accretion
between the infalling envelope and the Keplerian disk.
The gravity of a central protostar causes material in
the envelope to infall dynamically and thus the material
has radial infall velocity ur(R) as a function of radius.
When ρenv, ρdisk, and cs indicate envelope density, disk
density, and sound speed, respectively, the isothermal
shock condition is Sdamp = ρenv/ρdisk = c
2
s/u
2
r. The
sound speed at the boundary can be calculated from
our best-fit model to be cs = 0.39 km s
−1. Regard-
ing the infall velocity, we assume ur to be the prod-
uct of a constant coefficient α and free fall velocity, i.e.,
ur = α
√
2GM∗/Rout, as was discussed by Ohashi et al.
(2014). By usingM∗ = 0.45M⊙ and Rout = 84 AU, this
infall velocity can be calculated to be 3.1α km s−1. In
order to explain Sdamp = 0.19, α should be ∼ 0.3, which
is consistent with the range of α (0.25-0.5) Ohashi et al.
(2014) found. This quantitative discussion suggests that
mass accretion from the envelope to the disk is a possible
origin of the density jump we found.
5.2. Structures of the C18O gas disk
The previous sections have discussed the structures of
the disk and the envelope around L1527 IRS based on
the continuum observations tracing the disk and the en-
velope. C18O emission, on the other hand, also traces
them, as was discussed in Ohashi et al. (2014). Because
it can be reasonably assumed that gas and dust are well
coupled and mixed in the protostellar phase in contrast
to the T Tauri phase where gas and dust can be decou-
pled because of grain growth, it is important to exam-
ine whether the structures of the disk and the envelope
revealed in the dust observations can also be valid for
those traced in C18O emission.
In order to answer the question mentioned above, in
this section, models for C18O are constructed based on
the best-fit dust model derived from the fitting to the
continuum visibility shown in Section 4.2, and models
are compared with the C18O observations. The models
of C18O have the same profiles of the surface density,
temperature, and scale height as those of the best-fit
dust model derived from the fitting to the continuum vis-
ibility shown in Section 4.2. The surface density profile
has a jump at a radius of 84 AU, which is the boundary
between the disk and the envelope, as was suggested by
the best-fit dust model. In addition to these constraints
on structures, C18O models also require velocity fields,
which cannot be constrained by the continuum observa-
tions. For velocity fields, we assume that C18O models
follow the radial profile of the rotation derived from the
C18O observations in Section 4.1, and that of infall in-
troduced in Section 5.1. Note that we adopt 74 AU as
the radius where the rotation profile has a break even
though the geometrical boundary between the disk and
the envelope is set at 84 AU in radius, as mentioned
above. These geometrical and kinematical structures of
the C18O models are fixed in the following discussion.
Importantly the C18O models still depend on the frac-
tional abundance of C18O relative to H2, X(C
18O), as
discussed later.
In order to compare models and observations, C18O
data cubes are calculated from the models described
above. It should be noted that the C18O emission obvi-
ously traces more extended structures arising from outer
parts of the envelope, as compared with the dust emis-
sion. Because structures of the disk and the envelope
adopted for C18O model are based on the continuum
emission detected within a radius of ∼ 1′′ (see Figure
1), comparisons between C18O models and observations
should be made only within a radius of 1′′. Accord-
ing to the C18O velocity channel maps shown in Fig-
ure 3, the C18O emission arises within a radius of ∼ 1′′
when |VLSR| > 2.0 km s−1, and only C18O emission hav-
ing these LSR velocities is discussed in comparisons be-
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tween the models and the observations. When C18O
data cubes are calculated from the models, radiative
transfer, including both dust and C18O opacities, are
also solved in 3D and velocity space, and then dust con-
tinuum emission is subtracted to derive the final model
cubes. The model data cubes calculated from the radia-
tive transfer are convolved with a Gaussian beam having
the same major and minor axes, and orientation as the
synthesized beam of our observations. A moment 0 map
is made from this convolved data cube to compare with
the observations. Even though visibilities are not com-
pared between models and observations here, we can still
judge how good each model is based on this comparison
using moment 0 maps, as demonstrated in the model
fitting for the continuum data in Section 4.2.2.
Figure 9a shows a comparison of moment 0 maps be-
tween a model and the observations. In this model,
a constant C18O abundance of 4 × 10−8 is adopted
as a nominal value. In this case, significant residu-
als at 9σ level are left, as shown in Figure 9b. In-
ner regions show negative residuals while outer regions
show positive residual, demonstrating that the model
C18O is too strong in inner regions while it is too
weak in outer regions, as compared with the observa-
tions. Note that neither a higher nor a lower con-
stant value than 4.0 × 10−8 of the C18O abundance
improves the model. For instance, the value in in-
terstellar medium (ISM), 5.0 × 10−7 (Lacy et al. 1994;
Jørgensen et al. 2005; Wilson & Rood 1994), provides
more negative residuals than Figure 9b. Although there
are a couple of factors to change the C18O intensity in
the model, the abundance of C18O is the only one that
changes the intensity of C18O if we still remain the same
physical structures of the disk in the model, i.e., in or-
der to make the C18O intensity weaker in inner regions
and stronger in outer regions in the model, the C18O
abundance might be lower in inner regions and higher
in outer regions. For instance, if the C18O abundance
in outer regions (R > 84 AU) is the same as the one
in ISM, 5.0 × 10−7 (Lacy et al. 1994; Jørgensen et al.
2005; Wilson & Rood 1994), and the abundance in the
inner regions (R < 84 AU) decreases by a factor of ∼ 20
due to the freeze-out of C18O molecules, the observa-
tions can be explained by the model. T Tauri disks are,
however, usually considered to have temperature pro-
files having higher temperature in inner regions (e.g.,
Andrews & Williams 2007), and the disk around L1527
IRS is also considered to have such a temperature profile
as Tobin et al. (2013) suggested. With such a tempera-
ture profile, it would be difficult for the disk to have a
lower C18O abundance in the inner regions because of
the molecular freeze-out.
Black: Observations
Red: model  with X(C18O)=4×10‒8
(a) (b)
Figure 9. Comparison of C18O moment 0 maps integrated
over |V | > 2.0 km s−1. (a) Observations in black contours
and a model with X(C18O) = 4× 10−8 in red contours. (b)
The residual obtained by subtracting the model from the
observations. Contour levels are −3, 3, 6, 12, 24, . . . × σ in
panel (a) and −3, 3, 6, 9, 12, . . . × σ in panel (b), where 1σ
corresponds to 1.8 mJy beam−1 km s−1. A blue filled ellipse
at the bottom right corner denotes the ALMA synthesized
beam; 0.′′50× 0.′′40, P.A. = 3.1◦.
One possible C18O abundance distribution that can
explain the observations is the one with a local en-
hancement of the C18O molecule, as has been suggested
for the SO molecular abundance around L1527 IRS by
Ohashi et al. (2014); they suggested that the SO abun-
dance is locally enhanced around L1527 IRS because
of accretion shocks making the dust temperature suffi-
ciently high for SO molecules frozen out on dust grains
to be desorbed. An example of such a C18O abun-
dance distribution is the ISM abundance (5.0 × 10−7;
Lacy et al. 1994; Jørgensen et al. 2005; Wilson & Rood
1994) at 80≤ R ≤88 AU and a lower constant abundance
of 2.8×10−8 elsewhere. Figure 10 shows the comparison
between the model with this C18O abundance distribu-
tion and the observations, suggesting that the model
with this C18O abundance distribution can reproduce
the observations with reasonably small residual.
The reason of the lower C18O abundance in the in-
ner disk region is not clear. According to the temper-
ature distribution of L1527 IRS by Tobin et al. (2013),
the midplane temperature becomes lower than 30 K at
r & 100 AU, sublimation temperature of CO on dense
conditions (108−12 cm−3; Furuya & Aikawa 2014). Thus
CO freeze-out could be present only at the outer region.
In general, CO molecules indeed could not be frozen-
out so easily in protostellar disks as in T Tauri disks
because surrounding envelopes heat up such embedded
disks (Harsono et al. 2015), although the degree of this
heating effect depends on a couple of factors, such as
density distribution. There are two other possibilities
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(a) (b)
Figure 10. The same figures as Figure 9 but the model has
enhancement of C18O abundance: X(C18O) = 5.0× 10−7 in
80-88 AU and X(C18O) = 2.8× 10−8 in the other regions.
to explain the observed C18O abundance decrease in
the inner disk region. One is that dust can be opti-
cally thick in inner regions and hides part of the C18O
emission as indicated by our best-fit model shown in
Section 4.2.2. The other possibility is that chemistry on
the warm and dense conditions. On such a condition
CO can be converted into more complex molecules such
as CO2 and organic molecules. Indeed, recent CO obser-
vations of protoplanetary disks with ALMA have been
reporting similar decrease of CO abundance, which is
attributed to such a chemical effect (e.g., Schwarz et al.
2016). The CO conversion is also reported in protostel-
lar phases as well based on single-dish and interferomet-
ric observations (Anderl et al. 2016; Fuente et al. 2012;
Yıldız et al. 2012; Alonso-Albi et al. 2010).
Although it is difficult to give a strong constraint on
the width of the local enhancement and the lower C18O
abundance in the frozen-out or converted region in mod-
els with the current observations, the density and tem-
perature structures derived from the continuum obser-
vations can also reproduce the C18O observations with
a radial abundance profile of C18O with a local enhance-
ment like the one discussed above. Future observations
at a higher angular resolution can give a better con-
straint on the C18O radial abundance profile.
6. CONCLUSIONS
We have observed the Class 0/I protostar L1527 IRS
in the Taurus star-forming region with ALMA during its
Cycle 1 in 220 GHz continuum and C18O J = 2− 1 line
emissions to probe the detailed structures of the disk
and the envelope around L1527 IRS. The 220 GHz con-
tinuum emission spatially resolved with an angular reso-
lution of ∼ 0.′′5×0.′′4 shows a similar elongated structure
in the north-south direction. Its deconvolved size is es-
timated from a 2D Gaussian fitting to be ∼ 0.′′53×0.′′15,
showing a significantly thinner structure than those pre-
viously reported on the same target. The C18O J = 2−1
emission overall shows an elongated structure in the
north-south direction with its velocity gradient mainly
along the same direction. The integrated intensity map
shows a double peak with the central star located be-
tween the peaks, due to a continuum subtraction ar-
tifact. The elongation of the continuum as well as
C18O clearly indicates that these emissions trace the
disk/envelope system around L1527 IRS and the veloc-
ity gradient along the elongation is naturally considered
to be due to rotation of the system, as was previously
suggested.
The radial profile of rotational velocity of the
disk/envelope system obtained from the position-
velocity diagram of the C18O emission cutting along
the major axis of the continuum emission was fitted
with a double power-law, providing the best-fit result
with a power-law index for the inner/higher-velocity
(pin) of 0.50 and that for the outer/lower-velocity com-
ponent (pout) of 1.22. This analysis clearly suggests the
existence of a Keplerian disk around L1527 IRS, with
a radius kinematically estimated to be ∼ 74 AU. The
dynamical mass of the central protostar is estimated to
be ∼ 0.45 M⊙.
In order to investigate structures of the disk/envelope
system, χ2 model fitting to the continuum visibility
without any annulus averaging have been performed, re-
vealing a density jump between the disk and the enve-
lope, with a factor of ∼ 5 higher density on the disk side.
The disk radius geometrically identified as the density
jump is consistent with the Keplerian disk radius kine-
matically estimated, suggesting that the density jump
may be related to the kinematical transformation from
infalling motions to Keplerian motions. One possible
case to form such a density jump is isothermal shock
due to mass accretion at the boundary between the en-
velope and the disk. If this is the case, to form the
density jump with a factor of ∼ 5 requires the infall ve-
locity in the envelope to be ∼ 0.3 times slower than the
free fall velocity yielded by the central stellar mass. In
addition to the density jump, it was found that the disk
is roughly in hydrostatic equilibrium. The geometrical
structures of the disk found from the χ2 model fitting
to the continuum visibility can also reproduce the C18O
observations as well, if C18O freeze-out, conversion, and
localized desorption possibly occurring within ∼ 1′′ from
the central star are taken into account.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA2012.1.00647.S (P.I. N. Ohashi).
ALMA is a partnership of ESO (representing its mem-
ber states), NSF (USA) and NINS (Japan), together
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